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The habenular neurons on both sides of the
zebrafish diencephalon show an asymmetric
(laterotopic) axonal projection pattern into the
interpeduncular nucleus. We previously re-
vealed that the habenula could be subdivided
into medial and lateral subnuclei, and a promi-
nent left-right difference in the size ratio of these
subnuclei accounts for the asymmetry in its
neural connectivity. In the present study, birth
date analysis showed that neural precursors for
the lateral subnuclei were born at earlier stages
than those for the medial subnuclei. More neu-
rons for the early-born lateral subnuclei were
generated on the left side, while more neurons
for the late-born medial subnuclei were gener-
ated on the right side. Genetic hyperactivation
and repression of Notch signaling revealed that
differential timing determines both specificity
and asymmetry in the neurogenesis of neural
precursors for the habenular subnuclei.
INTRODUCTION
Brain asymmetry is a conserved feature of the vertebrate
nervous system, and is thought to be an advantageous
mechanism for efficiently processing information, since
devoting one hemisphere to a particular function leaves
the other hemisphere free to perform other functions
(Vallortigara and Rogers, 2005). For example, the left
cerebral cortex is predominantly involved in perception
or production of speech (Broca, 1865), while the right
hemisphere is predominantly involved in facial recognition
(Keenan et al., 2001). Anatomical asymmetry has been ex-
tensively studied in mammals, especially in humans (Toga
and Thompson, 2003), and a close relationship has been
noted between functional and morphological asymmetry
in the brain. For example, speech laterality correlates with
size differences between the left and right sides of theDeveplanum temporale of the human temporal lobe (Galaburda
et al., 1978). Recent studies have revealed asymmetry in
the expression patterns ofmultiple genes in the embryonic
human cortex (Sun et al., 2005), in the distribution of an
N-methyl-D-aspartate receptor subunit in the mouse
hippocampus (Kawakami et al., 2003), and in the number
of thalamofugal connections in the visual pathways of
chickens (Rogers and Sink, 1988). However, the develop-
mental mechanisms that contribute to the formation of
these anatomical differences between both sides of the
brain remain undetermined (Rosen, 1996).
The habenulae constitute the dorsal diencephalic con-
duction pathway, which relays neural information from the
limbic forebrain to the interpeduncular nucleus (IPN) in
the midbrain. In zebrafish, the subnuclear organization of
the habenulae shows left-right asymmetry (Aizawa et al.,
2005; Gamse et al., 2005). We previously revealed that
the habenula in zebrafish can be subdivided into medial
and lateral subnuclei based on the difference in the ex-
pression patterns of marker genes (Aizawa et al., 2005),
although further subdivisionmay also be possible by using
more marker genes (Gamse et al., 2005). We then demon-
strated that a prominent left-right difference in the size
ratio of these subnuclei accounted for asymmetry in neural
connectivity, known as laterotopy. That is, axons from the
left habenula project predominantly to the dorsal and in-
termediate IPN, whereas the right habenula predomi-
nantly innervates the ventral IPN (Aizawa et al., 2005)
(see Figure S1 in the Supplemental Data available with
this article online for a discussion on published discrep-
ancies regarding the axonal projection pattern; Aizawa
et al., 2005; Gamse et al., 2005). The larger medial habe-
nular subnucleus on the right innervates the ventral and
intermediate IPN together with axons from the smaller
medial subnucleus on the left. Conversely, the larger
lateral subnucleus on the left is the predominant source
of axons that innervate the dorsal IPN with axons from
the smaller lateral subnucleus on the right (Figure 1A).
Nodal belongs to the TGF-b superfamily, and its signal-
ing cascade plays an important role in determining the left-
right axis in viscera (Hamada et al., 2002). Unilateral and
transient Nodal activation in the dorsal diencephalonlopmental Cell 12, 87–98, January 2007 ª2007 Elsevier Inc. 87
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Habenular Asymmetry and Timing of NeurogenesisFigure 1. Asymmetric Neurogenesis in the Habenular Subnuclei
(A) Schematic diagram showing asymmetric organization of habenula and its projection in the adult zebrafish brain. The lateral subnuclei are shown in
red and the medial subnuclei shown in green.
(B) A transverse section through the habenulae of 5-dpf Tg(brn3a-hsp70:GFP)rw0110b fish showing GFP expression (green) in themedial subnuclei and
SYTOX orange counter-staining (red).
(C–F) Transverse sections of the habenulae showing distribution of the cells pulse-labeled with BrdU (red) and GFP (green) in 5-dpf Tg(brn3a-
hsp70:GFP)rw0110b fish. Stages when BrdU was applied are indicated at the left lower corner of each panel.
(G–J) Dorsal views of stacked confocal images of the embryonic dorsal diencephalon. Cells in the mitotic phase (green) were visualized with phos-
phohistone H3 (pH3) antibody at 24 hpf (G), 28 hpf (H), 32 hpf (I) and 36 hpf (J).
(K) Left-right difference in the number of total habenular cells, the GFP-negative lateral subnuclei and the GFP-positive medial subnuclei of 5-dpf
Tg(brn3a-hsp70:GFP)rw0110b fish.
(L) Changes in the number of BrdU-labeled cells in the habenular subnuclei of 5-dpf Tg(brn3a-hsp70:GFP)rw0110b fish with timing of BrdU pulse-
labeling.
(M) The number of pH3-labeled cells in the embryonic dorsal diencephalon.
Values are mean ± standard error. Asterisks represent contrasts with p < 0.05 between left and right sides of the brain. d, Dorsal; Hb, habenula; IPN,
interpeduncular nucleus; l, left; r, right; v, ventral.88 Developmental Cell 12, 87–98, January 2007 ª2007 Elsevier Inc.
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asymmetry; however, left-right differences still remained
after bilateral Nodal activation or even in the absence of
Nodal signaling (Aizawa et al., 2005; Concha et al., 2000,
2003). This suggests the presence of other mechanisms
for the establishment of habenular asymmetry.
Establishment of habenular asymmetry is based on the
differences in the number of neurons that belong to each
subnucleus between the two sides of the brain. Therefore,
the issue of habenular asymmetry is based on how these
subnuclei are asymmetrically generated during develop-
ment. This led us to examine whether the complementary
enlargement or reduction of the medial and lateral sub-
nuclei might derive from asymmetric neurogenesis during
development. We show here that differential timing deter-
mines both specificity and left-right asymmetry in the
neurogenesis of neural precursors for the habenular
subnuclei.
RESULTS
Correlation of Birth Date with Specificity
and Orientation of Asymmetry in Habenular
Subnuclei Neurogenesis
We suspected that asymmetrical development of the
habenular subnuclei might occur because neurons of the
medial and lateral subnuclei are born at different stages
during development. This difference in the timing of neuro-
genesis may specify the types of neurons that develop
and the orientation of asymmetry. To address this hypoth-
esis, we examined the birth dates of neurons in the medial
and lateral subnuclei by 5-bromo-2-deoxyuridine (BrdU)
pulse labeling.
We focused on the 5 day postfertilization (dpf) larval
stage, when both asymmetric gene expression and the
laterotopic projection have already been established.
The lateral and medial subnuclei could be distinguished
by utilizing Tg(brn3a-hsp70:GFP)rw0110b fish, which specif-
ically express GFP in the medial subnuclei (Figure 1B)
(Aizawa et al., 2005). To confirm that a size difference
existed between the habenular subnuclei on both sides
as early as 5 dpf, the number of cells in each subnucleus
was quantified (n = 7). There was no significant difference
between the total number of cells in the habenular nuclei
from the left and right sides (Figure 1K); however, the
asymmetry of the habenular subnuclear organization was
similar in both zebrafish larvae and adults (i.e., the left-
lateral subnucleus was larger than the right, while the left-
medial subnucleus was smaller than the right, Figure 1K).
Tg(brn3a-hsp70:GFP)rw0110b embryos were pulse la-
beled with BrdU at various developmental stages (n = 5–6
for each stage), and the BrdU-labeled cells were detected
at 5 dpf. Depending on when the cells were pulse labeled,
the distribution of BrdU-labeled cells at 5 dpf gradually
changed from the dorsal (Figures 1C and 1D) through to
the ventrolateral (Figure 1E) and, eventually, to the ventro-
medial part (Figure 1F) of the habenulae, reflecting the
difference in the birth dates of these neurons. Neural pre-
cursors for the GFP-negative lateral subnuclei were bornDeveas early as 24 hr postfertilization (hpf), and, during devel-
opment, the number of BrdU-labeled cells continued to in-
crease until they peaked at 32 hpf (Figure 1L). In contrast,
neural precursors for the GFP-positive medial subnuclei
were born later than those for the lateral subnuclei, and
the number of BrdU-labeled cells reached its peak at ap-
proximately 48 hpf or after (Figure 1L). Statistical analysis
revealed that the number of GFP-negative lateral subnu-
clei pulse labeled at either 32 or 48 hpf was significantly
left-predominant (Figure 1L), suggesting that the neuroge-
netic activity of the lateral habenular subnucleus was
greater on the left side during these periods. In contrast,
the number of pulse-labeled medial subnuclei cells was
significantly greater on the right side at 48 hpf (Figure 1L).
To examine whether a difference in the rate of prolifera-
tion or apoptosis contributed to the establishment of
habenular asymmetry, the number of dividing cells and
apoptotic cells was determined by detecting phosphohi-
stone H3 (pH3, a marker for cells in the mitotic phase)
(Figures 1G–1J; n = 5–6 for each stage) and by terminal
deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (Figure S2), respectively. No significant difference
was observed in the number of dividing cells between the
left and right sides of the brain at any stage examined
(Figure 1M). Also, apoptotic cells could not be detected
consistently in the dorsal diencephalon between stages
24 and 52 hpf (Figure S2).
Since there is no apparent difference in proliferation
between left and right sides, we suspected that the nature
of the proliferation might be different, with the left side
generating more neurons and the right side generating
more stem cells, while the number of dividing cells is the
same at early stages of the habenular development. To
see directly whether cells with neuronal character ap-
peared predominantly on the left during the early habenu-
lar development, we examined the Tg(huc:kaede)rw0130a
transgenic embryos, which expressed photoconvertible
Kaede protein under control of the panneuronal huc
promoter (Sato et al., 2006). Huc:Kaede started to be
expressed as early as 36 hpf, predominantly in the left
habenula (Figure 2A), and the left predominance in
Kaede expression became more prominent at 48 hpf
(Figure 2C). The number of neurons expressing HuC:
Kaede gradually increased in the right habenula as in the
left habenula. In the end, HuC:Kaede expression reached
almost the same level on both sides after 72 hpf (Figures
2E and 2G).
Positions at a later stage (96 hpf) of migrated neurons
that started expression of HuC:Kaede at earlier stages
could be followed by photoconverting HuC:Kaede with
ultraviolet light at specific stages and raising the embryos
in the dark. Neurons photoconverted at 36 hpf migrated
dorsolaterally and settled in the lateral habenular sub-
nucleus (arrow in Figure 2B). Depending on the timing
of photoconversion, distribution of the photoconverted
neurons in the 96 hpf larval brain gradually expanded
ventromedially into the medial habenular subnucleus (Fig-
ures 2D, 2F, and 2H). This result indicates the sequence
of neurogenesis from the lateral to the medial subnuclei,lopmental Cell 12, 87–98, January 2007 ª2007 Elsevier Inc. 89
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Habenular Asymmetry and Timing of NeurogenesisFigure 2. Asymmetric Neuronal Differentiation and a Common Pool of Neural Stem Cells for the Habenular Subnuclei
(A–H) Confocal images of the Tg(huc:kaede)rw0130a fish showing the expression of HuC:Kaede during development (dorsal views; A, C, E, G) and the
distribution at 96 hpf of cells that were photoconverted at specific stages (frontal views; B, D, F, H). Developmental stages and stages whenwe photo-
converted Kaede are shown in the upper right and lower right corner of each panel, respectively. Arrowheads in (A) show asymmetric expression of
nonphotoconverted HuC:Kaede (green) in the left habenular anlage. Arrows in (B) and (D) show the photoconverted cells (red) in the lateral andmedial
subnuclei, respectively. More photoconverted cells were detected in themedial subnuclei by photoconversion at later stages (D, F, H). A bracket in (D)
shows the habenular neuropils.
(I and J) Frontal views of the wild-type embryos at 24 hpf (I) and 56 hpf (J) showing distribution of cells with BrdU incorporation (red) and pH3
antigenicity (green). BrdU was applied at 30 min before fixation. Brackets in (I) and (J) indicate the ventricular zone in the dorsal diencephalon,
respectively.
(K–M) Lineage tracing of a single neuroepithelial cell in the dorsal diencephalon. (K) Dorsal view of an 18 hpf embryo showing a neuroepithelial cell
(bracket) labeled with rhodamine and biotin-dextran (red) as a tracer in the dorsal diencephalon. (L) Dorsal view of the left habenula of the same fish as
(K) at 96 hpf showing distribution of the progeny of the cell indicated by the bracket in (K). Arrowheads show the labeled neurons without GFP, and an
arrow shows the neurons with GFP (green). (M) An optical section of the boxed area in (L) showing distribution of the tracer within cells. Note that the
rhodamine and biotin-dextran were localized as speckles in the progeny cells that had gone throughmore than one cycle of cell division after labeling.
See also Figure S3 for more examples. P, pineal organ; V, dienceaphlic ventricle.which is also consistent with the findings from birth date
analysis as described above, and further supports the
left-right asymmetry in the habenular neurogenesis.
As to the origin of precursors for the lateral and medial
subnuclei, we could think of two possibilities. One is that90 Developmental Cell 12, 87–98, January 2007 ª2007 Elseviera common pool of neural stem cells may generate the pre-
cursors for both the lateral and medial subnuclei depend-
ing on the timing of neurogenesis. The alternative possibil-
ity is that there are different precursor pools for the two
sets of neurons. To address this issue, we labeled a singleInc.
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and later examined what type of neurons to which a
labeled cell gave rise. As reported previously (Concha
et al., 2003), neuroepithelial cells in the embryonic epitha-
lamic region gave rise to the habenular neurons. Indeed,
the neuroepithelium was occupied almost exclusively
by proliferating cells at the early stage (24 hpf), which
incorporated BrdU and were positive for pH3 (Figure 2I).
Later (56 hpf), nonproliferative cells accumulated near
the pial surface, and the proliferating cells were restricted
to and constituted the ventricular zone just beneath the
diencephalic ventricle (Figure 2J). A single neuroepithelial
cell was labeled with rhodamine and biotin-dextran in
the dorsal diencephalon of the 18–22 hpf Tg(brn3a-
hsp70:GFP)rw0110b embryos (Figure 2K). Subsequently, we
found that the same cell generated as its progeny the neu-
rons without GFP as well as those with GFP (Figures 2L
and 2M and Figure S3; n = 5). This suggests that a com-
mon pool of neural stem cells generates the precursors
for both the lateral and medial subnuclei.
These results indicated that neural precursors for the
lateral subnuclei were born at an earlier stage than those
for the medial subnuclei. In addition, more precursors
for the lateral subnuclei were born on the left side of the
habenular nuclei, while more precursors for the medial
subnuclei were born on the right side.
Timing of Neurogenesis Specifies the Types
of Neurons for the Medial and Lateral
Habenular Subnuclei
Notch signaling suppresses neurogenetic activity in neural
stem cells (Louvi and Artavanis-Tsakonas, 2006). To de-
termine how differential timing of neurogenesis specifies
neural cell fate, neurogenetic activity in embryos was
genetically manipulated by hyperactivation or repression
of Notch signaling during development, and the expres-
sion of different genes in the habenular subnuclei were
analyzed.
We previously found that brn3a-hsp70:GFP was specif-
ically expressed in the medial subnuclei, and that leftover
(lov) was expressed in the lateral subnuclei of the adult ze-
brafish brain (Aizawa et al., 2005) (Figures 3A and 3C). For
genetic hyperactivation or repression of Notch signaling,
lov and righton (ron) genes (Gamse et al., 2005) were
used as markers for the development of the lateral and
medial subnuclei. In the normal adult brain, ron was
expressed in the medial subnuclei of the habenulae on
both sides, and this was confirmed by colocalization with
brn3a-hsp70:GFP (Figures 3B and 3D). A larger number of
ron-expressing cells was observed on the right side com-
pared with the left side. Even in embryos at 56 hpf, expres-
sion of lov and ron was predominant on the left and right
sides, respectively, and the cells expressing these genes
had neuronal characteristics, as confirmed by coexpres-
sion of Hu proteins (Figures 3E–3H). Unlike in the adult
brain, at 56 hpf, ron was expressed ventrolaterally to lov-
expressing cells. The distribution of ron-expressing cells
was consistent with the distribution of the ventrolateral
habenular cells at 5 dpf, which were pulse labeled withDevelBrdU at 48 hpf (Figure 1E). Therefore, the mediolateral re-
lationship of the subnuclei became inverted during devel-
opment from larvae to adults.
GFP expression could not be used as a marker in these
experiments, as the brn3a-hsp70:GFP transgene was not
present in the other transgenic line for hyperactivation of
Notch signaling (see below) or the mutant line for repres-
sion of Notch activity.
To transiently repress neurogenetic efficiency in the em-
bryonic dorsal diencephalon, Notch signaling was ubiqui-
tously activated at a specific time point by utilizing the
double-transgenic fish Tg(hsp70:gal4)kca4;Tg(UAS:myc-
notch1a-intra)kca3, in which activated Notch (intracellular
domain of Notch1a) was induced under the control of a
heat shock promoter (Scheer et al., 2001). The effect of
the artificial delay in neurogenesis by ectopic Notch acti-
vation on neural specification was assessed by examining
the expression of lov and ron at 56 hpf (Figure 4).
Ectopic Notch was induced at either 28 or 32 hpf to re-
press production of the neural precursors for the lateral
subnuclei. This drastically reduced lov expression on both
sides of the habenulae in 56 hpf embryos (Figures 4D and
4G). lov expression was completely eliminated in embryos
when ectopic Notch was induced at 36 hpf (Figure 4J). In
contrast, ron expression was reduced in the embryos by
induction of ectopic Notch at 48 hpf, when neurogenesis
of the medial subnuclei normally peaks (Figure 4N).
When ectopic Notch was induced at 48 hpf, lov expres-
sion remained in the left habenula (Figure 4M), possibly
because some neural precursors had been generated
before the influence of ectopic Notch activation became
effective. Asymmetric expressions of both lov and ron
were almost intact in the 72 hpf larvae when ectopic
Notch was induced at 56 hpf (Figures 4P–4R), suggesting
that the effect of Notch hyperactivation is on neurogene-
sis, and not just on transcriptional regulation of the asym-
metry markers for precursors of the lateral and medial
subnuclei.
Intriguingly, a large number of ron-positive cells were
found in the left habenula of the 56 hpf embryos upon in-
duction of ectopic Notch at 28, 32, or 36 hpf (Figures 4E,
4H, and 4K). This suggested that the neural stem cells
bypassed the normal program, during which early-born
lov-expressing neural precursors are generated. Then, fol-
lowing the removal of neurogenetic repression, the stem
cells started to produce cells expressing ron, the marker
for late-born precursors of themedial subnuclei. The num-
ber of embryos affected by ectopic Notch activation is
summarized in Table 1.
Irrespective of the stage at which heat shock was
applied, bilateral habenular marker brn3a was expressed
symmetrically on both sides, as in the control embryos
(Figures 4C, 4F, 4I, 4L, 4O, and 4R), and this result ruled
out the possibility that the defective development of the
entire habenular structure might be responsible for the
loss of expression of the asymmetric habenular markers.
To examine whether reduction of Notch signaling
affected the neural specification for each subnucleus in the
opposite manner, we examined expression of lov and ronopmental Cell 12, 87–98, January 2007 ª2007 Elsevier Inc. 91
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Habenular Asymmetry and Timing of NeurogenesisFigure 3. lov and ron are Asymmetrically Expressed in the Habenular Subnuclei
(A–D) Transverse sections showing the distribution of lov (A) and ron (B) mRNA expression (red) in the habenulae of adult Tg(brn3a-hsp70:GFP)rw0110b
fish that express GFP (green) in the medial habenular subnuclei. Expression patterns for lov and ron are summarized in schematics in (C) and (D),
respectively. The areas expressing both GFP and ron mRNA are colored yellow.
(E–H) Dorsal views of the habenulae in 56 hpf embryos showing lov (E) and ron (F) mRNA expression (red) with Hu protein (green). Expression patterns
for lov and ronwith Hu proteins are summarized in schematics in (G) and (H), respectively. The areas expressing Hu together with lov or ronmRNA are
colored yellow. In schematics, the lateral and medial habenular subnuclei are indicated as dotted and hatched areas, respectively.in themind bomb (mibta52b) mutant, in which Notch signal-
ing is severely reduced due to a defect in the ubiquitin
ligase essential for internalization of the Notch ligand,
Delta. In this mutant, impaired lateral inhibition results in
excessive neurogenesis, and facilitates early depletion
of neural stem cells (Itoh et al., 2003). Compared with
the wild-type embryos (Figures 5A and 5B), all mibta52b
mutants showed a drastic increase of lov expression in the
right habenula (Figure 5D, n = 9), while ron expression was
diminished on the right side at 56 hpf (Figure 5E, n = 11).
brn3a expression was symmetric on both sides in the
56-hpf mibta52b mutants, as in the control embryos (Fig-
ures 5C and 5F).
Next, we tried to determine the stage at which lov-
expressing cells were born. However, as the mibta52b
mutant died before 72 hpf, it was impossible to wait until
BrdU label was diluted significantly in the proliferating
cells, between its pulse application and its detection, for92 Developmental Cell 12, 87–98, January 2007 ª2007 Elsevierthe precise birth date analysis. As such, BrdU application
in this case was supposed to label not only the cells that
underwent the final mitosis at the time of application, but
also the continuously proliferating cells.
BrdU pulse application at 32 hpf labeled the lov-
expressing neurons at 56 hpf both in the mibta52b and
the wild-type embryos (Figures 5G and 5H). However,
the application at 48 hpf failed to label lov-expressing neu-
rons at 56 hpf in the mibta52b embryos (Figure 5J), in con-
trast to the extensive labeling in the wild-type embryos
(Figure 5I). This indicated that all the lov-expressing neu-
rons in the 56-hpf mibta52b mutant were born before
48 hpf. This was further confirmed by the fact that prolifer-
ating cells labeled with BrdU and pH3 were observed
in the epithalamic region of the 32 hpf mibta52b mutant
embryos (Figure 5L), as in the 32 and 48 hpf wild-type em-
bryos (Figures 5K and 5M), but very few were observed in
the 48 hpf mibta52b mutant (Figure 5N).Inc.
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Habenular Asymmetry and Timing of NeurogenesisFigure 4. Genetic Hyperactivation of Notch Signaling Affects Specification for the Lateral and Medial Habenular Subnuclei
Dorsal views of wild-type (A–C) and Tg(hsp70:gal4)kca4;Tg(UAS:myc-notch1a-intra)kca3 (D–R) embryos at 56 hpf (A–O) and 72 hpf (P–R) showing lov
(A, D, G, J, M, and P), ron (B, E, H, K, N, and Q), and brn3a (C, F, I, L, O, and R) mRNA expression in the habenulae. HS, stage at which heat shock
was applied to embryos.These results suggested that premature bilateral facili-
tation of neurogenesis depleted the neural stem cells re-
quired for the normally late-born medial subnuclei neural
precursors by forcing them to generate the precursors
for the lateral subnuclei at early stages. Taken together,
genetic hyperactivation and repression of Notch signaling
revealed that the timing of neurogenesis determines
neuronal specificity for the medial and lateral habenular
subnuclei.
Previous studies using chicken embryos suggested that
Notch signaling was required to activate Nodal signaling
on the left side of Hensen’s node (Raya et al., 2003,
2004). Therefore, the influence of reduced Notch signaling
on the expression of Nodal signaling in the habenular
anlage was examined. Among 25 mibta52b mutant em-
bryos at 24 hpf, pitx2c, a gene downstream of the Nodal
signaling pathway, was expressed normally on the left
side of the dorsal diencephalon in 52% of the embryos,
induced bilaterally in 36%, eliminated in 8%, or reversed
in 4%. However, irrespective of the expression pattern
of pitx2c in the mibta52b mutant embryos, bilateral activa-
tion of lov expression and bilateral inactivation of ron
expression was consistently observed.DevelDISCUSSION
In this study, we adopted birth date analysis and genetic
manipulation of neurogenetic efficiency to elucidate the
mechanisms through which habenular asymmetry is gen-
erated in zebrafish. The results suggested that the differ-
ential timing of neurogenesis specifies not only the types
of subnuclear neurons but also the orientation of asymme-
try (Figures 6A and 6B). Below, we discuss how altering
the timing of neurogenesis influences the establishment
of left-right asymmetry in the habenular subnuclei of
embryos in which neurogenesis has been positively or
negatively disturbed by genetic manipulation of Notch.
Developmental Mechanisms for Specification
in the Habenular Subnuclei Revealed by Genetic
Hyperactivation of Notch Signaling
Timing of neurogenesis can influence a cell’s fate, since
neural stem cells can change their competency during
development (Temple, 2001). This hypothesis is substan-
tiated by heterochronic transplantation experiments in
the chicken retina (Austin et al., 1995) and ferret visual cor-
tex (McConnell, 1988). When the generation of neurons,opmental Cell 12, 87–98, January 2007 ª2007 Elsevier Inc. 93
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Habenular Asymmetry and Timing of NeurogenesisTable 1. Ectopic Induction of Activated Notch Affected Asymmetry in the Habenular Subnuclei
Stage n Left-Sided Right-Sided Very Faint on Both Sides Bilateral No Signal
lov (%)
No HS 14 100.0 0.0 0.0 — 0.0
HS @ 28 hpf 25 44.0 0.0 56.0 — 0.0
HS @ 32 hpf 20 20.0 0.0 75.0 — 5.0
HS @ 36 hpf 9 0.0 0.0 0.0 — 100.0
HS @ 48 hpf 7 100.0 0.0 0.0 — 0.0
ron (%)
No HS 11 0.0 100.0 — 0.0 0.0
HS @ 28 hpf 12 0.0 8.3 — 75.0 16.7
HS @ 32 hpf 17 0.0 11.8 — 82.4 5.9
HS @ 36 hpf 14 0.0 28.6 — 50.0 21.4
HS @ 48 hpf 10 0.0 70.0 — 0.0 30.0
Abbreviations: hpf, hours postfertilization; HS, heat shock. Expression patterns for lov and ron in the habenulae of 56 hpf
Tg(hsp70:gal4)kca4;Tg(UAS:myc-notch1a-intra)kca3 embryos that overexpressed activated Notch; stages at which HS was applied
to the embryos are indicated in the left column.which normally form the lateral subnuclei, is inhibited as
a result of Notch hyperactivation at 32 hpf, two possibili-
ties in the consequent development of the habenular sub-
nuclei should be considered. First, after neurogenesis
resumes, the neural stem cells for the habenular nucleus
bypass the normal program, which should have been
executed while neurogenesis was repressed by the over-
expression of activated Notch, and give rise to the nor-
mally late-born neural precursors for the medial subnuclei
of the habenulae. Another possibility is that, after the re-
pression of neurogenesis is removed, the neural stem
cells continue following the normal program to give rise
to the normally early-born neural precursors for the lateral
subnuclei and then the late-born neural precursors for the
medial subnuclei. Our results support the former possibil-
ity, since the cells expressing ron, which is normally a
marker for late-born medial subnuclear neurons, were
ectopically induced on both sides of the habenulae, while
lov expression was significantly reduced on both sides of
the habenulae at 56 hpf (Figure 6C).
Intriguingly,weobservedalmost complete elimination of
lov-expressing cells at 56 hpf, even when ectopic Notch
was induced at 36 hpf (i.e., after the majority of the neural
precursors for the lateral subnuclei had been generated,
between 28 and 32 hpf). This apparent retrograde effect
of Notch may be attributed to the time delay from the
BrdU incorporation at the S phase to the asymmetric divi-
sion of the neural stem cells at the M phase. During this
period, the neural stem cells may remain vulnerable to
hyperactivation of Notch signaling. This is consistent with
the results from previous studies, which predicted that
the length of the cell cycle is either 8.3 or 10 hr in the zebra-
fish retina after 24 hpf (Li et al., 2000; Nawrocki, 1985).
One study has argued that cell death, rather than cell
proliferation, differentiates and lateralizes the neuronal94 Developmental Cell 12, 87–98, January 2007 ª2007 Elseviernumber in the hypothalamic nucleus in gerbils (Holman,
1998). However, here we did not observe apoptotic cells
in the period in which neural precursors for the lateral sub-
nuclei were normally born, suggesting that cell death does
not play a major role in the establishment of habenular
asymmetry. To our knowledge, this is the first evidence
of the involvement of neurogenetic processes in the for-
mation of asymmetric brain structure.
Notch Activity Is Asymmetrically Activated During
Habenular Development
Having demonstrated the left predominance in the neuro-
genesis of the lateral subnuclei at early stages and its
disruption by the genetic hyperactivation or repression
of Notch signaling, we suspected that neural stem cells
might be maintained in the undifferentiated proliferative
state for longer periods on the right side due to asymmet-
ric upregulation of Notch signaling activity on the right side
during the early stages of habenular development.
As to the endogenous asymmetry in Notch activity, tran-
scripts of endogenous notch1awere expressed bilaterally
and symmetrically in the dorsal diencephalon at 32 hpf
(Figure S4A). Neither the Notch ligands (deltaA, deltaB,
deltaD) nor the effectors of Notch signaling (her4, her9),
whichwere expressed in the dorsal diencephalon, showed
asymmetric expression patterns at 32 hpf (data not
shown). We observed that at least 57% of the 32 hpf
wild-type embryos had an asymmetrical her6 expression
pattern, which was slightly predominant on the right (Fig-
ures S4D–S4F; n = 15). Transcription of her6 was found
to be under the control of notch1a, since overexpression
of the intracellular domain of Notch1a induced her6 in re-
gions including the dorsal diencephalon (Figures S4B and
S4C). However, we could not detect a significant differ-
ence in her6 expression between left and right 32 hpfInc.
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Habenular Asymmetry and Timing of NeurogenesisFigure 5. Early Bilateral Facilitation and Premature Termination of Neurogenesis in the Epithalamic Region Caused by Reduction
of Notch Signaling
Dorsal views of the wild-type (A–C, G, I, K, andM) and themibta52b mutant (D–F, H, J, L, and N). Developmental stages are indicated at the upper right
corner of each panel.
(A and D) lov mRNA expression in the habenulae at 56 hpf.
(B and E) ron mRNA expression in the habenulae at 56 hpf.
(C and F) brn3a mRNA expression in the habenulae at 56 hpf.
(G–J) Distribution of lov-expressing cells (pseudocolored green) which incorporated BrdU (pseudocolored red) at 32 hpf (G and H) and 48 hpf (I and J)
in the habenulae at 56 hpf.
(K–N) Distribution of proliferating cells in the dorsal diencephalon of the 32-hpf (K, L) and 48-hpf (M and N) embryos labeled by BrdU (red) and pH3
(green). Brackets indicate the dorsal diencephalic region. Stages at which we applied BrdU are shown in the left column.forebrain by quantitative real-time reverse transcription-
polymerase chain reaction analysis (data not shown).
Therefore, further study is needed to determine a signaling
molecule that is primarily responsible for the right-biased
activation of Notch signaling.
It is possible that after left-predominant neurogenesis
of the early-born lateral subnuclei, the polarity of NotchDeveloactivity could subsequently be reversed from the right
side to the left side during the normal course of develop-
ment. However, this possible mechanism is unlikely, since
the resumption of neurogenesis after bilateral repression
of neurogenetic activity did not result in more ron-ex-
pressing cells on the right side of the habenulae than on
the left side. Therefore, the right-predominant generationpmental Cell 12, 87–98, January 2007 ª2007 Elsevier Inc. 95
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Habenular Asymmetry and Timing of NeurogenesisFigure 6. Neurogenetic Model for the
Generation of Left-Right Differences in
the Habenular Subnuclei
(A) Illustrations of frontal views of the dorsal
diencephalon in the developing zebrafish brain.
At 18–24 hpf, Nodal and its downstream genes
(light blue) are activated in the left dorsal dien-
cephalon, and then neural precursors for the
medial (green) and lateral subnuclei (red) are
generated through stages 32 and 48 hpf to
form an asymmetric organization in the habe-
nular subnuclei as observed at stage 72 hpf.
(B–D) Schematic representation of develop-
mental changes in the number of BrdU-labeled
cells for wild-type embryos (B) and in the puta-
tive neurogenetic activities for the embryo in
which neurogenesis was repressed around 36
hpf (C), and for the embryo with excessive
neurogenesis due to defective Notch signaling
(D). The green and red lines indicate the neuro-
genetic activities for the precursors of the
medial and lateral subnuclei, respectively.
The numbers on the vertical axis indicate de-
velopmental stage by dpf. P, pineal organ; V,
diencephalic ventricle.of the precursors for the late-born medial subnuclei in nor-
mal embryos could be accounted for by a reduction in the
common pool of neural stem cells for both the medial and
lateral subnuclei in the left habenula, subsequent to the
left-predominant neurogenesis of the lateral subnuclei
during the early stages.
Mechanisms Underlying Asymmetric Activation
of Notch Signaling
Recent studies in chickens indicated that Notch signaling
functions as an upstream signal to induce Nodal in the left
side of Hensen’s node prior to neurogenesis (Raya et al.,
2003, 2004). Indeed, Nodal signaling was induced bilater-
ally, eliminated, or reversed in about half of the mibta52b
mutants. However, since a bilateral absence of Notch sig-
nal in these mutant embryos always resulted in symmetric
lov expression irrespective of the Nodal expression pat-
terns, it would appear that the Nodal signal directs the
habenular asymmetry by means of regulation of Notch
signaling while neurogenesis is proceeding (Figure 6D).
Parapineal Organ and Asymmetric Neurogenesis
in Habenula
The molecular mechanisms occurring between the asym-
metric activation of Notch and Nodal signaling in the
dorsal diencephalon remain unknown. Zebrafish have
another asymmetric structure, theparapineal organ,which
lies to the left of the pineal organ (Concha and Wilson,
2001). In our experiments, we observed left-biased neuro-
genesis of the lateral subnuclei as early as 32 hpf, coinci-
dent with initiation of migration of the parapineal primor-
dium toward the left (Gamse et al., 2003). Previous
studies reported that laser ablation of the premigratory
parapineal organ results in the symmetric appearance
of ron-expressing cells, and proposed a model in which
assignment of parapineal position to the left directs habe-96 Developmental Cell 12, 87–98, January 2007 ª2007 Elsevienular asymmetry (Concha et al., 2003; Gamse et al., 2003).
This may suggest that assignment of parapineal position
to the left might be implicated in the asymmetric regulation
of Notch signaling in the neural stem cells of the habenular
anlage.
EXPERIMENTAL PROCEDURES
Zebrafish Lines
Embryos and larvae were obtained by natural spawning fromwild-type
(RIEKN-Wako), mind bombta52b (mibta52b), Tg(hsp70:gal4)kca4,
Tg(UAS:myc-notch1a-intra)kca3, Tg(brn3a-hsp70:GFP)rw0110b, and
Tg(huc:kaede)rw0130a fish (Aizawa et al., 2005; Jiang et al., 1996; Sato
et al., 2006; Scheer et al., 2001). Embryos were reared and staged
according to standard procedures (Westerfield, 2000), and occasion-
ally 0.002% of phenylthiourea was added to the fish water from 12 hpf
to prevent pigment formation.
Heat-Shock Treatment of Transgenic Zebrafish
Hemizygous embryos for the double-transgenic genes (Tg[hsp70:
gal4]kca4; Tg[UAS:myc-notch1a-intra]kca3) were used for activated
Notch-overexpression experiments. These embryos were maintained
at 39C for 30 min to activate transgene expression at a specific stage
to ectopically induce the intracellular domain of Notch.
Photoconversion of Kaede Protein
Heterozygous Tg(huc:kaede)rw0130a embryos were kept in the dark
before and after the ultraviolet light illumination (Sato et al., 2006).
For photoconversion, we used a microscope (BX50; Olympus) equip-
ped with an optical system as described previously (Ando et al., 2004,
2001), and illuminated the entire forebrain of the embryos with a
203 objective lens for 5 s.
Single-Cell Labeling with Dextran Conjugates
This was performed essentially as described by Lyons et al. (2003) with
the following modifications: 18–22 hpf Tg(brn3a-hsp70:GFP)rw0110b
embryoswere embedded in 1.5% low-melting-point agarose (Nakalai).
Using a tungsten needle, an area of overlying agarose was removed
to expose the dorsal diencephalon. Micropipettes were filled with a
solution containing 5% tetramethylrhodamine and biotin-dextranr Inc.
Developmental Cell
Habenular Asymmetry and Timing of Neurogenesis(3000 MW; Invitrogen). Electroporation was performed on the dorsal
diencephalon of the embryos under the following stimulation parame-
ters: 1 s-long trains of square pulses at 100 Hz and a voltage of 50 V.
Pulseswere generated with a Grass SD9 stimulator (Grass-Telefactor).
After electroporation, embryos were cut out from the agarose and re-
turned to embryo medium for recovery. Labeled cells were visualized
by staining with streptavidin-Alexa Fluor 532 (Invitrogen).
Histology
In situ hybridization for embryos and larvae, and vibratome sections of
the adult brain, were performed as described previously (Lieberoth
et al., 2003; Westerfield, 2000). Some samples were further stained
with anti-GFP antibody (1:500; Santa Cruz Biotechnology) or anti-
HuC/HuD 16A11 antibody (5 mg/ml; Molecular Probes) and visualized
with the Alexa Fluor 488-conjugated secondary antibody (1:200;
Molecular Probes). righton (Gamse et al., 2005), leftover (Gamse
et al., 2003), notch1a (Bierkamp and Campos-Ortega, 1993), deltaA
(Haddon et al., 1998), deltaB (Haddon et al., 1998), deltaD (Haddon
et al., 1998), her4 (Pasini et al., 2004), her6 (Pasini et al., 2004), her9
(Leve et al., 2001), and brn3a (Aizawa et al., 2005) were used as
probes. Detection of pH3 and apoptosis, as well as BrdU incorporation
were performed as previously described (Shepard et al., 2004). Some
samples were further stained by immersion in SYTOX orange (Molec-
ular Probes). Embryos were flat-mounted in glycerol and imaged. Con-
ventional and differential interference contrast microscopic images
were photographed using a Sony DKC-5000 camera attached to a
Zeiss Axioplan2 compound microscope. Fluorescent labeling was ob-
served by confocal laser scanning microscopy (Zeiss LSM510META).
Data Analysis
The number of immunolabeled cells in the whole-mount preparations
was counted in either stacked images (for pH3 labeling) or in 1 mm-
thick optical sections acquired every 3 mm (for SYTOX stain) or 5 mm
(for BrdU pulse labeling) by confocal microscopy. For quantification
of cell proliferation, we counted the number of pH3-labeled cells in
the dorsal diencephalic region, which was defined by the lateral hinge
of the forebrain ventricle and posterior margin of the pineal organ. For
birth date analysis, we counted the number of BrdU-labeled cells in the
entire habenular nuclear region, where the ventral margin was defined
by brn3a-hsp70:GFP expression in cell bodies. For the quantification
of the SYTOX or BrdU-labeled cells, the cell numbers were corrected
for effective thickness according to the methods described previously
(Abercrombie, 1946). Left-right differences were analyzed statistically
using the paired t test.
Supplemental Data
Supplemental Data, including additional figures, are available online at
http://www.developmentalcell.com/cgi/content/full/12/1/87/DC1/.
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